Abstract Down syndrome (DS) is caused by the triplication of human chromosome 21 (HSA21) and is the most common genetic cause of intellectual disability, with individuals having deficits in cognitive function including hippocampal learning and memory and neurodegeneration of cholinergic basal forebrain neurons, a pathological hallmark of Alzheimer's disease (AD). To date, the molecular underpinnings driving this pathology have not been elucidated. The Ts65Dn mouse is a segmental trisomy model of DS and like DS/AD pathology, displays agerelated cognitive dysfunction and basal forebrain cholinergic neuron (BFCN) degeneration. To determine molecular and cellular changes important for elucidating mechanisms of neurodegeneration in DS/AD pathology, expression profiling studies were performed. Molecular fingerprinting of homogeneous populations of Cornu Ammonis 1 (CA1) pyramidal neurons was performed via laser capture microdissection followed by Terminal Continuation RNA amplification combined with custom-designed microarray analysis and subsequent validation of individual transcripts by qPCR and protein analysis via immunoblotting. Significant alterations were observed within CA1 pyramidal neurons of aged Ts65Dn mice compared to normal disomic (2N) littermates, notably in excitatory and inhibitory neurotransmission receptor families and neurotrophins, including brain-derived neurotrophic factor as well as several cognate neurotrophin receptors. Examining gene and protein expression levels after the onset of BFCN degeneration elucidated transcriptional and translational changes in neurons within a vulnerable circuit that may cause the AD-like pathology seen in DS as these individuals age, and provide rational targets for therapeutic interventions.
Introduction
The clinical entity of Down syndrome (DS) is the most frequent genetic cause of mental retardation with an increasing prevalence in the United States, with current estimates of 1 in 691 live births (Jacobs and Hassold 1995; Parker et al. 2010) . The prevalence of this phenotype has risen dramatically within the last 40 years (31 % increase from 1979 to 2003, http://www.cdc.gov/features/dsdown syndrome/; CDC MMWR, 2006) and continues to rise. The triplication of human chromosome 21 (HSA21) engenders multi-modal impairments and deficits in DS individuals, notably decreased cognitive function and deficits in normal brain function, with abnormalities in hippocampal learning, memory, language, and communication skills (Chapman and Hesketh 2000; Esbensen 2010 ). The phenotype is presumed to be caused by overexpression of a proportion of the genes triplicated on the HSA21 chromosome, in which current estimates contains [550 genes and putative protein encoding gene transcripts, including [160 known protein encoding transcripts (Sturgeon and Gardiner 2011) . In addition to impaired central nervous system (CNS) function during development and adult life, individuals with DS develop Alzheimer's disease (AD) pathology in early middle age, including amyloid plaques, neurofibrillary tangles (NFTs), degeneration of cholinergic basal forebrain (CBF) neurons, and early endosomal abnormalities (Wisniewski et al. 1985; Mann et al. 1986; Leverenz and Raskind 1998; Cataldo et al. 2000; Nixon and Cataldo 2006) . While there has been linkage of some triplicated genes to AD pathogenesis, including amyloid-beta protein precursor (APP; Cataldo et al. 2003; Salehi et al. 2006) , the genetic underpinnings and mechanism of this early onset AD pathology remain unclear.
To study links between DS and AD, a variety of mouse models have been engineered that recapitulate aspects of neurodegenerative pathology (Das and Reeves 2011; Rueda et al. 2012) . The Ts65Dn mouse model is one of the most widely utilized models of both DS and AD pathology. Ts65Dn are trisomic for a segment of mouse chromosome 16 (MMU16) and mouse chromosome 17 (MMU17) orthologous to HSA21. Specifically, the distal end of MMU16 is translocated to \10 % of the centromeric end of MMU17, creating a small translocation chromosome (Davisson and Schmidt 1993; Reeves et al. 1995; Holtzman et al. 1996; Akeson and Lambert 2001; Chen et al. 2008 ). This segmental region includes genomic information proximal to App extending to Mx and exhibits *55 % gene conservation of known protein coding genes between MMU16 and HSA21 (Davisson and Schmidt 1993; Reeves et al. 1995; Gardiner et al. 2003; Sturgeon and Gardiner 2011) . Importantly, these mice survive into adulthood and they recapitulate the behavioral and cellular phenotype characteristic of human DS. Briefly, behavioral studies demonstrate that Ts65Dn mice have learning and memory deficits on a myriad of tasks (Escorihuela et al. 1995; Reeves et al. 1995; Holtzman et al. 1996; Hyde and Crnic 2001) . Ts65Dn mice also display hyperactivity and neurochemical perturbations (Reeves et al. 1995; Cooper et al. 2001; Hunter et al. 2003 ). In addition, morphological studies demonstrate abnormalities in specific brain regions of Ts65Dn mice. Specifically, age-related degeneration of basal forebrain cholinergic neurons (BFCNs; analogous to CBF neurons in human), volume reduction in the hippocampus and cerebellum, synapse loss, and deficits in synaptic plasticity have been reported (Holtzman et al. 1996; Insausti et al. 1998; Kurt et al. 2000; Granholm et al. 2003; Saran et al. 2003; Belichenko et al. 2004 Belichenko et al. , 2009 Kelley et al. 2014a) . The septohippocampal circuit is particularly vulnerable in both DS and AD, which shows degeneration in both BFCNs and hippocampal CA1 pyramidal neurons (Cataldo et al. 2000; Granholm et al. 2000; Kelley et al. 2014a) . Current FDA approved treatments for AD involve delaying the cholinergic degeneration in AD and protection against excitotoxicity through the delivery of memantine, which has not been proven to be effective to date DS patients (Rueda et al. 2012; Hanney et al. 2012) , making it imperative to further understand the molecular underpinnings of degeneration of this circuit in relevant DS models.
Technical, experimental, and bioinformatic developments in functional genomics technologies, including microarray platforms, have enabled the coordinated assessment of gene alterations that occur within the CNS. However, the brain contains a multiplicity of both neuronal and non-neuronal populations of cells, unlike an organ comprised of a homogenous cell type. Not surprisingly, experimental variability is a notorious problem when assaying brain regions, as the admixing of cell types can mask changes within vulnerable neuronal subtypes.
We hypothesize that significant gene expression changes exist within vulnerable CA1 pyramidal neurons in the aged Ts65Dn mouse model compared to age-matched normal disomic (2N) littermates that will elucidate novel genetic targets for therapeutic intervention in DS/AD. To test this, we first circumvented the problem of inadvertently assessing admixed cell types by performing single population analysis of CA1 pyramidal neurons via laser capture microdissection (LCM). LCM is coupled with Terminal Continuation (TC) RNA amplification, and subsequent custom-designed microarray analysis on aged Ts65Dn mice compared to 2N littermates for hypothesis-driven and interrogative analyses (Ginsberg et al. 2010a Alldred et al. 2012) . Specifically, the custom-designed array platform enables simultaneous quantitative analysis of multiple classes of transcripts relevant to AD pathology, DS, and neurodegeneration (Ginsberg et al. , 2010a Alldred et al. 2008 Alldred et al. , 2009 Alldred et al. , 2012 . Validation studies are examined by real-time quantitative PCR (qPCR) and immunoblot assays performed for selected targets that are demonstrated to be differentially expressed via microarray analysis. This multidisciplinary approach allows us to probe for novel targets for therapeutic intervention at a timepoint where cholinergic degeneration has already begun that mimics the progressive cognitive decline seen in AD and DS patients.
Materials and methods

Tissue preparation
Animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the Nathan Kline Institute/NYU Langone Medical Center and were in full accordance with NIH guidelines. A cohort of Ts65Dn (n = 13) and 2N disomic littermates (n = 12) mice 10-24 months of age (mixed sex) were given an overdose of ketamine and xylazine and perfused transcardially with ice-cold 4 % paraformaldehyde buffered in 0.15 M phosphate buffer. Tissue blocks containing the dorsal hippocampus were paraffin embedded and 6 lm-thick tissue sections were cut in the coronal plane on a rotary microtome for immunocytochemistry as described previously (Ginsberg 2005a; Ginsberg et al. 2010a; Alldred et al. 2012) . RNase-free precautions were employed, and solutions were made with 18.2 mega Ohm RNase-free water (Nanopure Diamond, Barnstead, Dubuque, IA). A second independent, mixed sex cohort of animals was cervically dislocated and brains were prepared for CA1 region microdissections or regional hippocampal dissections. Samples were flash frozen for either RNA (Ts65Dn n = 9; 2N n = 9 10-24 months of age) for qPCR or protein extraction (Ts65Dn n = 16; 2N n = 12, 16-24 months of age) for immunoblot validation studies. Immunocytochemistry to identify CA1 neurons for subsequent microdissection was performed as described previously (Ginsberg 2005a; Alldred et al. 2008 Alldred et al. , 2012 Ginsberg et al. 2010b ) (Supplemental Text) .
Single cell microaspiration and TC RNA amplification LCM and TC RNA amplification procedures have been described in detail previously by our group (Che and Ginsberg 2004; Alldred et al. 2008 Alldred et al. , 2009 Alldred et al. , 2012 Ginsberg et al. 2010a) . Individual CA1 pyramidal neurons were microaspirated via LCM (Arcturus PixCell IIe, Life Technologies, Carlsbad, CA). Fifty cells were captured per reaction for population cell analysis (Alldred et al. 2008; Ginsberg et al. 2010a) (Fig. 1) . Microarrays (containing 50 LCM-captured CA1 neurons each) were performed per mouse brain (range 2-6 times per mouse). The full TC RNA amplification protocol is available at http://cdr.rfmh. org/pages/ginsberglabpage.html and in the Supplemental Text. This method entails synthesizing first strand cDNA complementary to the RNA template, re-annealing the primers to the cDNA, and finally in vitro transcription using the synthesized cDNA as a template. Briefly, microaspirated CA1 neurons were homogenized in Trizol reagent (Life Technologies), chloroform extracted, and precipitated (Alldred et al. 2009 . RNAs were reverse transcribed and single-stranded cDNAs were then subjected to RNase H digestion and re-annealing of the primers to generate cDNAs with double-stranded regions at the primer interfaces. Single stranded cDNAs were digested and samples were purified by Vivaspin 500 columns (Sartorius Stedim Biotech, Goettingen, Germany). Hybridization probes were synthesized by in vitro transcription using 33 P and radiolabeled TC RNA probes were hybridized to custom-designed cDNA arrays without further purification.
Microarray platforms and hybridization
Array platforms consist of 1 lg of linearized cDNA purified from plasmid preparations adhered to high-density nitrocellulose (Hybond XL, GE Healthcare, Piscataway, NJ) using an arrayer robot (VersArray, Bio-Rad, Hercules, CA) (Ginsberg 2005b (Ginsberg , 2008 . Each cDNA and/or expressed sequence-tagged cDNA (EST) was verified by sequence analysis and restriction digestion. Mouse and human clones (Ginsberg and Mirnics 2006; Ginsberg et al. 2010a ). Array hybridization is presented in the Supplemental Text. Statistical procedures for custom-designed microarray analysis have been described in detail previously (Ginsberg and Mirnics 2006; Ginsberg 2007 Ginsberg , 2009 ). The two mouse genotypes were compared with respect to the hybridization signal intensity ratio of 576 genes. For each gene the signal intensity ratio was modeled as a function of mouse genotype, using mixed effects models with random mouse effect to account for the correlation between repeated assays on the same mouse (McCulloch et al. 2008) . Significance was judged at the level (a = 0.01), two-sided; false discovery rate (FDR) based on an empirical null distribution due to strong correlation between genes (Benjamini and Hochberg 1995; Efron 2007 ) was controlled at level 0.1. Expression levels were graphed using a bioinformatics software package (GeneLinker Gold, Predictive Patterns, Kingston, ON). qPCR qPCR was performed on microdissected CA1 sections from an independent second cohort of animals (Alldred et al. 2008 Ginsberg 2008) containing the hippocampal CA1 region from 10 to 24 month old Ts65Dn and 2N mice ( Fig. 1) . Taqman qPCR primers (Life Technologies) were utilized for qPCR (Table 2 ). Samples were assayed on a real-time qPCR cycler (7900HT, Life Technologies) in 96-well optical plates with coverfilm as described previously (Ginsberg et al. , 2010a Alldred et al. 2008 Alldred et al. , 2012 Jiang et al. 2010) . Standard curves and cycle threshold (C t ) were generated using standards obtained from total mouse brain RNA. The ddCT method was employed to determine relative gene level differences between Ts65Dn and 2N mice. (Alldred et al. 2008; Applied Biosystems 2008; Jiang et al. 2010; Ginsberg et al. 2010a ).
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) qPCR products were used as a control, as microarray results show no change in gene expression for this housekeeping gene (data not shown). Negative controls consisted of the reaction mixture without input RNA. The two mouse genotypes were compared with respect to the PCR product synthesis of 12 genes. For each gene, the PCR product synthesis was modeled as a function of mouse genotype, using mixed effects models with random mouse effect to account for the correlation between repeated assays on the same mouse (McCulloch et al. 2008 ). Significance was judged at the level (a = 0.05), two-sided.
Immunoblot analysis
Frozen microdissected hippocampal tissue samples obtained from Ts65Dn and 2N mice aged 16-24 months (Ts65Dn; n = 16) (2N; n = 12) were homogenized (Supplemental Text) and identical amounts of homogenates were processed (Fig. 1) . Nitrocellulose membranes were blocked and incubated with primary antibodies directed against GRIA1 (06-306; Millipore), GRIA2/3 (06-307; Millipore), TrkB (#610102; BD Transduction Laboratory), TrkC (#3376S; Cell Signalling), NTF3 (PA514861; Thermo Scientific), BDNF (SC-546; rabbit polyclonal; Santa Cruz), APP (gift of Paul Mathews, NKI) or b-tubulin (TUBB; T-5293; Sigma) (detailed protocol in Supplement 1). Immunoblots were quantified by densitometric software supplied with the instrument. Signal intensity of immunoreactive bands was normalized to TUBB immunoreactivity for each assay.
Each protein measure was modeled as a function of mouse genotype, using mixed effects models with random mouse effect to account for the correlation between repeated assays on the same mouse (McCulloch et al. 2008 ). All inferences were based on models with only main effects for genotype, age and gender (Supplemental Text), by modeling the outcome (gene expression of proteins) as a function of mouse genotype controlling for sex and age.
Results
Microarray analysis shows gene expression alterations within CA1 neurons in aged Ts65Dn mice Ts65Dn mice were compared to 2N littermates to evaluate gene expression changes in CA1 pyramidal neurons. Expression profiling was performed on a total 115 customdesigned microarrays for Ts65Dn and 2N mice aged 10-24 months of age (50 cells analyzed per array). Quantitative analysis showed differential expression of 81 genes out of 576 total genes examined with a cut-off of p \ 0.01 (14 %; Table S1 ). Microarray results of APP, which is triplicated in Ts65Dn, showed an 86 % increase in gene expression level in Ts65Dn mice compared to 2N littermates (p \ 0.001; Fig. 2a ; Table 3 ), but did not show significant changes in any APP binding proteins, including APP-binding protein 1 (APPBP1), amyloid precursor-like protein 1 (APLP1), amyloid precursor-like protein 2 (APLP2), b-site APP-cleaving enzyme 1 (BACE1), APP-binding family A, member 1 (APBA1), APPbinding family B, member 1 (APBB1), islet amyloid polypeptide (IAPP), serum amyloid P component (APCS) or serum amyloid A4 (SAA4) (Fig. 2a) . Prion protein (PRNP) showed a trend for decreased expression in the Ts65Dn mouse (p \ 0.03, Fig. 2a ; Table S1 ).
Several classes of transcripts were selectively downregulated including neurotrophins and neurotrophin receptors, glutamate receptors (GluRs) and transporters, potassium channels and monoamine receptors, indicating deficits in the neuroprotective pathways as well as deficiencies in multiple pathways of excitatory neurotransmission (Table 3) . Specifically, the majority of the neurotrophins and neurotrophin receptors represented on the microarray showed significantly decreased RNA expression levels in Ts65Dn CA1 pyramidal neurons compared to 2N littermates. Decreases were seen in brainderived neurotrophic factor (BDNF; 64 % decrease; p \ 0.001), nerve growth factor b (NGFb; 64 % decrease; p \ 0.001), neurotrophin-3 (NTF3; 57 % decrease; p \ 0.001), and neurotrophin 4/5 (NTF5; 26 % decrease; p \ 0.01). Additionally, for the neurotrophin receptors both the ECD and the TK domains displayed significant gene expression decreases in the three neurotrophin receptors interrogated, with TrkA-ECD having a 47 % decrease (NTRK1ECD; p \ 0.001) and the TrkA-TK domain a 42 % decrease (NTRK1TK; p \ 0.001). Both TrkB and TrkC showed even larger deficits, TrkB (NTRK2ECD; 69 % decrease; p \ 0.001; NTRK2TK; 70 % decrease; p \ 0.001) and TrkC (NTRK3ECD; 53 % decrease; p \ 0.001; NTRK3TK; 58 % decrease; p \ 0.001), respectively. In contrast, no significant alterations were found in the pan-neurotrophin receptor p75 NTR gene expression, nor in the glial-cell derived neurotrophic factor (GDNF) or ciliary neurotrophic factor (CNTF) ( Fig. 2b; Table 3 ).
Gene expression levels for excitatory neurotransmission were also significantly repressed in the Ts65Dn neurons compared to 2N littermates. Significant decreases (11/42; *26 %) of genes representing glutamatergic neurotransmission were seen (p \ 0.01), with an additional four genes decreased at the trend level (0.02 \ p \ 0.05). Significant decreases were seen in several ionotropic and metabotropic GluR subunits, with lowered RNA expression levels of specific a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), N-methyl-D-aspartate (NMDA) Fig. 1 (Fig. 2c) . Metabotropic glutamate receptor subunits that were down-regulated included GRM3 (37 % decrease; p \ 0.005) and GRM5 (55 % decrease; p \ 0.001) ( Table 3 ). In addition, DLG4 [discs large homolog 4 (PSD-95)] was down-regulated 71 % (p \ 0.001), along with other GluR-interacting proteins, GluR-interacting protein 1 (GRIP1; 44 % decrease; p \ 0.001), and GluR-interacting protein 2 (GRIP2; 42 % decrease; p \ 0.001) (Fig. 2d) . The glutamate synthetic enzyme including glutamate dehydrogenase 1 (GLUD1) was also down-regulated (58 % decrease; p \ 0.001, Table 3 ). In addition, select protein phosphatases showed increased gene expression and select protein kinases displayed lower expression (Table 3) . Specifically, protein tyrosine kinase 2b (PTK2b) was significantly up-regulated in Ts65Dn CA1 pyramidal neurons (85 % increase; p \ 0.005, Fig. 2e ). In contrast, expression levels for cyclin dependent kinase 5 (CDK5; 65 % decrease; p \ 0.001; Fig. 2e ) was significantly decreased, but the receptor CDK5R1 was unchanged. The alpha-adrenergic receptor (ADRA1B) also showed significant down-regulation (24 % decrease; Table 3 ). In contrast, several gene classes displayed individual genes with increased expression, including several regulators of G-protein signaling, 
TrkA (NTRK1) Mm01219406_m1
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-GRIP1* GluR-interacting protein 1 -GRIP2* GluR-interacting protein 2 -GRM3** Glutamate receptor, metabotropic 3 -GRM5* Glutamate receptor, metabotropic 5 -HSPG2* Perlecan (heparansul fateproteoglycan 2) -
HTR2C* 5-Hydroxytryptamine (serotonin) receptor 2C
-GABA receptor subunits and associated proteins, and adenylate cyclases (Table 3; Table S1 ).
qPCR validation Select microarray-identified expression level changes were assessed via qPCR analysis on an independent cohort of Ts65Dn and 2N mice using microdissected hippocampal CA1 tissue. qPCR confirmed significant down-regulation of neurotrophins BDNF (92 % decrease; p \ 0.001), and NTF3 (50 % decrease; p \ 0.03, as described previously; Ginsberg et al. 2012) , and the neurotrophin receptors TrkA (72 % decrease; p \ 0.01) and TrkB (38 % decrease; p = 0.05) (Fig. 3a) . TrkC also showed a non-significant 28 % decrease (Fig. 3a) . Microarray results were also validated by qPCR for 3 out of 4 AMPA receptors in regional CA1 dissections (Fig. 3b) . Specifically, GRIA1 showed significant down-regulation (46 % decrease; p = 0.02), GRIA2 showed a 35 % decrease in RNA expression (p \ 0.01), whereas GRIA3 expression was not significantly changed in either the microarray or in qPCR results. In contrast, GRIA4 showed no difference in qPCR expression levels, although down-regulation was seen via microarray analysis. Consistent with microarray findings, DLG4 was down-regulated by qPCR (34 % decrease; p \ 0.01), and GRIN1 showed a near-trend toward alteration towards down-regulation (p = 0.1; Fig. 3b ). Other genes of interest validated by qPCR included calpain, small subunit 1 (CAPNS1), which only showed a trend towards downregulation in the microarray using homogeneous CA1 pyramidal neurons (Table S1 ; p \ 0.04) but did not show down-regulation by qPCR (Fig. 3c) , with admixed cell populations. Microarray results also showed a significant Fig. 2 Microarray observations from Ts65Dn CA1 pyramidal neurons. Bar graphs and color coded heatmaps illustrating transcript levels in Ts65Dn (n = 13) and 2N (n = 12) mice at 10-24 months of age in CA1 neurons. a APP (but not other AD-related genes) showed up-regulation in aged Ts65Dn mice, while PRNP showed a trend toward down-regulation compared to 2N controls. b The majority of neurotrophins and their cognate neurotrophin receptors showed significant down-regulation including BDNF, NGFb, NTF3, and NTF4/5 and the TrkA, TrkB and TrkC receptors (both the ECD and TK domains were examined) while the p75 NTR (TNFR) receptor was unchanged. c Down-regulation of select GluR subunits included AMPA receptor subunits GRIA1, GRIA2, and GRIA4, kainite receptor subunit GRIK3 (trend) and NMDA receptor subunits GRIN1, GRIN2B and GRIN2C is demonstrated. d GluR-interacting proteins also showed down-regulation including GRIP1, GRIP2, and DLG4 (PSD-95). e Cyclin dependant kinase (CDK5) gene showed downregulation along with the small subunit of calpain while the protein tyrosine kinase 2b gene (PTK2b) showed significant up-regulation. (*p \ 0.01), (**p \ 0.005), and (***p \ 0.001) (t trend p \ 0.07).
Error bars indicate standard error of the mean (SEM) decrease in ADRA1B, which was also confirmed via qPCR (65 % decrease; p \ 0.001, Fig. 3c ).
Immunoblot validation
Western blot analysis of pro-BDNF and mature BDNF both showed tandem significantly decreased protein levels in hippocampal dissections in aged Ts65Dn mice as compared to 2N littermates (pro-BDNF, 45 % decrease; p \ 0.0001; BDNF, 44 % decrease; p \ 0.0001; Fig. 4a , b). NTF3 expression did not show a deficit in protein expression levels (Fig. 4a, b) . Immunoblot assessment also revealed concomitant down-regulation of TrkB full length (TrkB-FL; 36 % decrease; p \ 0.0001) and truncated TrkB (TrkB-T1; 37 % decrease; p \ 0.0001) in regional hippocampal homogenates from Ts65Dn mice compared to 2N littermates (Fig. 4a, b ) consistent with microarray and qPCR evaluations. TrkC showed no changes in expression levels for either the full length (TrkC-FL) or truncated isoform (TrkC-T1) (Fig. 4a, b) . GluR subunits GRIA1 and GRIA2/3 showed significantly lower protein expression levels in the hippocampus of Ts65Dn mice compared to 2N littermates (GRIA1, 22 % decrease; p \ 0.01, Fig. 4c ) and GluR2/3 (19 % decrease; p \ 0.05, Fig. 4c ). Additionally, APP holoprotein expression was significantly up-regulated in Ts65Dn mice (74 % increase; p \ 0.0001, Fig. 4a, c) as expected.
Discussion
DS is a multifaceted condition marked by intellectual disability (ID) and early manifestation of AD pathology including septohippocampal degeneration. Currently there are no effective treatment strategies for ID, DS, or AD neuropathology and dementia. To explore potential targets for therapeutic intervention in the vulnerable septohippocampal circuit, we used the Ts65Dn mouse model of DS and AD to investigate gene expression profiles in adult aged Ts65Dn mice relative to 2N littermates to identify individual genes and pathways that are differentially regulated. Prior to the present findings, there was little coordinated gene expression and encoded protein data available within vulnerable septohippocampal neuronal populations in aged Ts65Dn mice. The present results demonstrate that in CA1 pyramidal neurons of aged Ts65Dn mice there are significant deficits in multiple systems necessary for normal synaptic and neuronal function. Microarray results suggest that a multiplicity of alterations occur in CA1 pyramidal neurons during the aging process in trisomic mice (Fig. 5) . Some of the most significant pathway perturbations appear to be the down-regulation of neurotrophins and their cognate receptors as well as select AMPA and NMDA receptor subunits and GluR-interacting proteins. Notably, significant gene expression changes of most of the neurotrophin and neurotrophin receptor family was observed via microarray in CA1 pyramidal neurons and validated by independent qPCR and immunoblot preparations of regional CA1 and hippocampal dissections. These results suggest broad dampening of pro-survival pathways within this vulnerable hippocampal neuronal population, and have significant translational relevance, as therapeutic interventions that ameliorate and/or restore proper neurotrophin signaling are posited to be of high practical value for the treatment of both AD and DS. Since both neurotrophin expression and cognate neurotrophin receptor expression levels are down-regulated, modifications in target-derived neurotrophic support (Cooper et al. 2001; Howe and Mobley 2004; Salehi et al. 2006) , receptor transactivation (Rajagopal et al. 2004; Skaper 2008; Huang and McNamara 2012) , and/or gene therapy (Tuszynski 2002 (Tuszynski , 2007 Maeder et al. 2013 ) approaches may be viable Fig. 3 Validation of select microarray findings via qPCR. a BDNF and the NGF receptor TrkA (NTRK1) and the BDNF receptor TrkB (NTRK2) showed significant down-regulation, in accordance with the microarray results. The NTF3 receptor TrkC (NTRK3) was not differentially regulated. b Significant down-regulation of the GluR subunits GRIA1 and GRIA2, but not GRIA3 or GRIA4 is shown. The NMDA receptor GRIN1 subunit displayed a near-trend toward downregulation. DLG4 (PSD-95) also was down-regulated. c The small subunit of calpain (CAPNS1) was unchanged, whereas the alphaadrenergic 1B receptor (ADRA1B) was down-regulated. Key, (*p \ 0.05), (**p \ 0.02), and (***p \ 0.001). Error bars indicate SEM Brain Struct Funct (2015 Funct ( ) 220:2983 Funct ( -2996 Funct ( 2991 alternatives to pursuing monotherapy attempts to decrease amyloid or tau pathology in AD and DS. At the cellular and molecular level, neurotrophin and neurotrophin receptor gene dysregulation likely affects survival and maintenance of various forebrain neuronal systems including septohippocampal circuitry, which rely upon retrograde trafficking of neurotrophins such as NGF, BDNF, and NTF3, all of which are implicated in the progression of AD and DS (Chao 2003; Mufson et al. 2007; Ginsberg et al. 2010a ). Without proper expression and maintenance of functional neurotrophin receptors, forebrain circuits are at risk for neurodegeneration. Previous single cell research in human postmortem brain tissue by our group has demonstrated early downregulation of NGF, BDNF, and NTF3 cognate receptors TrkA, TrkB, TrkC, but not the panneurotrophin receptor p75 NTR within CA1 pyramidal neurons as well as CBF neurons during the progression of AD, indicating the vulnerability of the septohippocampal circuit (Ginsberg et al. , 2010a Counts et al. 2011) . Based upon the present results in Ts65Dn CA1 neurons, assessment of neurotrophin and neurotrophin receptors within septohippocampal neurons is warranted during the progression of dementia in DS subjects as well.
In addition to deficits in neurotrophin signaling pathways, alterations in several receptors for glutamatergic neurotransmission suggest impairments in excitatory signaling in the CA1 region of the hippocampus in trisomic mice. Notably GluR subunits GRIA1 (GluA1) and GRIA2 (GluA2) are significantly down-regulated by microarray, qPCR, and protein expression assays. The post-synaptic GluR-interacting protein DLG4 (PSD-95) shows significant down-regulation by microarray and qPCR. Moreover, NMDA receptors GRIN1 (GluN1), GRIN2B (GluN2B), and GRIN2C (GluN2C), metabotropic GluRs GRM3 and GRM5, and the GluR-interacting proteins GRIP1 and GRIP2 are down-regulated by microarray analysis, demonstrating significant decrements in both ionotropic and metabotropic GluRs and associated GluR-interacting molecules. Deficits in specific GluRs are consistent with previous observations demonstrating alterations in glutamatergic signaling within the Ts65Dn hippocampus (Belichenko et al. 2004; Lorenzi and Reeves 2006; Pollonini et al. 2008; Kaur et al. 2014) . It is interesting to note, however, that several previous studies in Ts65Dn mice have failed to identify downregulation of individual GluR subunits. One mitigating factor is that many of these studies used younger mice (below 6 months of age) (Granholm et al. 2003; Belichenko et al. 2004; Lorenzi and Reeves 2006; Pollonini et al. 2008; Lockrow et al. 2009 ). In contrast, deficits in specific GluR subunits have been extensively shown in AD (Ikonomovic et al. 1995 (Ikonomovic et al. , 1997 Carter et al. 2004; Proctor et al. 2010; Danysz and Parsons 2012; Wang et al. 2013) , including several of the AMPA and NMDA subunits identified in the current report. The relationship between Ab, decrements in NMDA receptor subunit expression and excitatory neurotransmission dysfunction, specifically changes in long-term potentiation (LTP) in the hippocampus has been investigated (Rammes et al. 2011; Kervern et al. 2012; Talantova et al. 2013; Kaur et al. 2014) . For example, a link may exist between Ab Fig. 4 Immunoblotting of hippocampal dissections showed changes in protein levels consistent with mRNA expression level changes. Immunoblot analysis using regional hippocampal dissections was performed to assess whether selected transcriptional alterations resulted in commensurate protein level changes in Ts65Dn mice compared to 2N littermates at 18-24 months of age. a Representative immunoblots were obtained from 18 to 24 month old 2N and Ts65Dn mice for GRIA1, GRIA2/3, NTF3, pro-BDNF, mature BDNF, TrkB full length (TrkB-FL), truncated TrkB (TrkB-T1), TrkC full length TrkC-FL), truncated TrkC (TrkC-T1) and APP. b-tubulin (TUBB) expression was used as a loading control. b Normalized expression levels compared to TUBB expression show significant downregulation of TrkB-FL (p \ 0.0001), TrkB-T1 (p \ 0.0001), pro-BDNF (p \ 0.0001) and BDNF (p \ 0.0001). NTF3, TrkC and TrkC-T1 showed no difference in protein expression levels. c GluR subunits GRIA1 (p \ 0.0015) and GRIA2/3 (p \ 0.02) showed significant down-regulation, while APP (p \ 0.0001) was up-regulated compared to controls. Expression level data was normalized to TUBB expression ± SD oligomers, extrasynaptic GRIN2B expression levels and alteration of LTP in hippocampus of wild type and NR2B knockout mice (Rammes et al. 2011; Kervern et al. 2012) , which also support similar LTP decrements in AD mouse models (Middei et al. 2010; Chong et al. 2011 ) and in human AD brains (Koch et al. 2012) . Moreover, changes in metabotropic glutamate receptor subunits may also affect synaptic long-term depression (LTD) by premature internalization of AMPA receptors and subsequent synaptic collapse (Danysz and Parsons 2012) .
The present observations within a vulnerable cell type indicate that there are significant changes in gene expression of select GluRs in the Ts65Dn hippocampus. These data provide both basic molecular and cellular evidence for glutamatergic dysfunction in this model of DS and AD in combination with our collaborative group's neuroimaging and physiological studies (Chen et al. 2009; Kaur et al. 2014) , as well as point to translational therapies that may be envisioned to correct glutamatergic neurotransmission deficits. Current research efforts to tease out how glutamate receptor changes affect AD pathology have been elusive, although use of the NMDA antagonist memantine has been approved by the FDA for moderate to severe AD, and has had some moderate success in symptomatic alterations in several independent studies (Reisberg et al. 2003 (Reisberg et al. , 2006 Wang et al. 2013) . To date, memantine has not shown primary benefits in terms of cognitive improvement in older (40 years or greater) DS subjects (Hanney et al. 2012) or in a pilot study of younger DS patients (Boada et al. 2012 ), but has been effective in the Ts65Dn model (Costa et al. 2008; Rueda et al. 2010; Lockrow et al. 2011b) . Further translational research is required to determine whether memantine or related compounds [e.g., nitromemantine (Nakamura and Lipton 2010)] will ultimately be effective in remediating some of the cognitive deficit symptoms in DS and AD associated with GluR dysfunction and/or excitotoxicity.
Although scope and space constraints preclude a description of each expression level change seen in this study, other classes of transcripts clearly display aberrant expression in aged Ts65Dn mice, including individual genes involved in GABA biosynthesis and transmission, cytoskeletal elements, and protein phosphatases and kinases, among others (Table 3; Table S1 ). We also confirmed significant up-regulation of APP mRNA and holoprotein levels in the Ts65Dn hippocampus compared to 2N littermates, which serves as a positive control for brain expression of the triplicated MMU16 chromosome.
Potential pitfalls include technical limitations of this single population microarray study. We have made every attempt to verify microarray observations via qPCR and by select immunoblot detection of encoded proteins that are posited to be altered in multiple hippocampal neuronal populations. This custom-designed array format has the advantage being hypothesis-driven, but a limiting factor is that the current platform does not fully represent the genome, which will require future high-density microarray and/or next-generation sequencing for better coverage of the mouse brain transcriptome. These studies are planned, as the ability to accrue RNA from single populations of identified neurons has become more feasible with advanced microdissection and RNA amplification technology (Ginsberg 2009 ). Although there is consistently a strong degree of concordance between mRNA and corresponding protein levels, this correspondence is not absolute (Gygi et al. 1999; Williams et al. 2010) . With the possible exception of lower organisms (Shaulsky and Loomis 2002) , expression profiling in whole tissues is complex and likely reflect the diversity of admixed cell types. Due to cellular specificity of neurodegeneration in DS and AD, expression profiles obtained from homogeneous populations of cells is likely to be more informative than regional and/or global expression mosaics with an admixture of cells Ginsberg et al. 2012; Stempler and Ruppin 2012). Future studies will include assessing different ages of trisomic mice (e.g., prior to BFCN degeneration), aged mice with a smaller age range (e.g., 20-24 months), separate male and female cohorts of Ts65Dn mice and their sex-specific 2N littermates, and additional cell types, such as vulnerable BFCNs and entorhinal cortex stellate cells. A caveat to this work concerns the use of the Ts65Dn mouse model, which is trisomic for *88/161 orthologs on HSA21 and also includes *50 encoded genes triplicated in Ts65Dn that are not triplicated in HSA21 (Sturgeon and Gardiner 2011) . Thus, caution has to be used when interpreting expression level changes in the context of what is occurring in human trisomy, although many cognitive and morphological changes are similar in this model and bona fide DS. In addition to the cholinergic innervation of the hippocampus by BFCNs, another population of basal forebrain neurons in the medial septum/diagonal band nuclei supply GABAergic afferents to the hippocampus (Köhler et al. 1984) . GABAergic basal forebrain neurons lose their phenotypic expression following fimbria-fornix transections, similar to BFCNs (Peterson et al. 1987 (Peterson et al. , 1990 . Whether these GABAergic basal forebrain neurons degenerate in DS or AD models as well as in human DS and AD and their impact on GABAergic input to the hippocampal formation remains to be determined.
In conclusion, single population molecular fingerprinting of CA1 pyramidal neurons in aged trisomic mice displays a striking down-regulation of several neurotrophins and their cognate receptors as well as select GluR subunits and GluR-interacting protein genes. Taken together, these findings suggest a dampening of pro-survival pathways and excitatory neurotransmission that likely underlies ID as well as cognitive decline seen in this established mouse model of DS and AD. Parallel studies have shown similar changes within CA1 pyramidal neurons in AD and mild cognitive impairment (MCI) obtained postmortem (Ginsberg et al. 2010a Alldred et al. 2012; Counts et al. 2014) , indicating the Ts65Dn model faithfully represents several of the key molecular and cellular alterations that are occurring in this vulnerable cell type. Additional expression profiling in CA1 neurons obtained postmortem from DS brains (ideally across the lifespan) is warranted. Translational studies are envisioned where CA1 pyramidal neuron expression profiles serve as a readout for potential ameliorative approaches, including b-adrenergic therapies (Lockrow et al. 2011b; Dang et al. 2014) , glutamatergic modulators (Costa et al. 2008; Rueda et al. 2010; Lockrow et al. 2011a) , as well as non-invasive, dietary treatments in neurodevelopment such as maternal choline supplementation that have shown promise in improving cognitive status as well as potentially providing neurotrophic support for vulnerable septohippocampal neurons (Moon et al. 2010; Velazquez et al. 2013; Kelley et al. 2014a, b) .
